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INFLUENCE OF THE PERICAPILLARY PLASMA ON
CHEMICAL EXCHANGE FROM
BLOOD TO TISSUE
By John T. Howe

Ames Research Center

SUMMARY

The transport of chemical species from blood to tissues is studied for
capillaries that have an extra annulus of plasma outside the endothelium.
The equations of flow and diffusive transport are solved in closed form in the
blood compatible with transport into the surrounding tissue, which consumes
the species according to first order kinetics. Results show that the plasma
annulus increases the supply of species and thus the rate of chemical exchange
between blood and tissues, raising the concentration (and the consumption rate)
in tissue spaces.

If permeabilities are reassigned so that the endothelium is very leaky
and the blood-tissue interface is the chemical barrier (low permeability), the
species concentration in the tissue is increased again. The reason is that
the blood velocity in the endothelium is much larger than that of the annulus.
Thus the high rate of supply of species in the leaky endothelium is available
to the annulus, and although the permeability of the blood-tissue interface
is low, its large surface area is bathed by a high chemical concentration.

The result is an increase in the species flux to the tissues and an increase
in concentration. The effect increases with capillary radius (lower capillary
hematocrit).

INTRODUCTION

It is known (refs. 1-3) that an annulus of fluid exists outside the
endothelial wall of some capillaries. Sapirstein (ref. 4) has argued that the
fluid is blood plasma rather than lymph (as first supposed by Heimberger
(ref. 1). Howe and Sheaffer (refs. 5, 6) have shown several hydrodynamic
reasons why the fluid should be plasma: Many experimental observations can be
readily explained hydrodynamically with a plasma annulus (on the basis of flow
in a "typical' capillary) - but not without one. They have shown a number of
characteristics of such capillaries; for example, for low ratios of capillary
to large blood vessel hematocrits, the plasma velocity along the annulus can
be much less than that within the endothelium tube.

The function of the annulus has not been explained (ref. 3). The
question remains whether there is an advantage of the extra plasma annulus
other than that it simply provides a plasma reservoir. A second question is



which of the two capillary membranes is the true barrier to chemical exchange
between blood and tissues. It has long been assumed that the endothelium is
the barrier. But Sapirstein (ref. 4) has suggested that the outer wall is the
"true hematolymph barrier."” This paper investigates both of these questions.

SYMBOLS

aj,as defined by equations (Al7) and (Al8)

b defined by equation (Al9)
c concentration of a chemical species in blood by mass fraction
- c
c —r—
Czo

C;,C, defined by equations (A26) and (A27)

D diffusion coefficient

h membrane permeability

I5,I7 modified Bessel function of order 0 and 1 of first kind
i3 defined by equation (Al3)

Kg,K; modified Bessel function of order 0 and 1 of second kind
k metabolic rate coefficient

L capillary length

my ,my defined by equations (A24) and (A25)

P pressure
q defined by equation (AZ21)

Q rate of consumption per unit mass of tissue (eq. (A4))
T radius from capillary axis

T r

r L

R radius of tissue supplied by capillary

= R

R L



defined by equation (A22)

blood velocity in axial direction

axial distance from capillary entrance

[l I3

defined by equation (Al4)

defined by equation (A6)

coefficient of viscosity for plasma

length in microns

Subscripts (except as noted above)

property at z = 0

red cells

either the blood in the endothelial tube or the properties of the

endothelium

either the plasma in the annulus or the properties of the outer wall

of the annulus

properties of the tissue space

radial

axial

ANALYSIS

ENDOTHELIUM TUBE
TISSUE

PLASMA ANNULUS

PLASMA

TRUE CHEMICAL BARRIER ?
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Figure 1.- Capillary - tissue model.

The bi-walled capillary model is
shown in figure 1, where 71}, Ty, T3,
and R are, respectively, the radii of
the red cells, the endothelium, the
outer wall of the plasma annulus, and
the outer boundary of the tissue
supplied by the capillary of length L.

The model is described by a set of
differential equations that describes
blood laden with a chemical species
entering and moving along the capillary
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at a steady rate. The blood travels along the endothelium and the annulus at
different velocities (u, and uz). During the passage of blood along the capil-
lary, some of the chemical substance is transported across the endothelium
membrane to the blood in the annulus and from there across the outer membrane
to the tissue space. As the species diffuses outward in the tissue space, it
is also being consumed locally according to first-order kinetics.

The mathematical details are straightforward and appear in the appendix.
Blum's results (ref. 7), for a single-walled capillary, are included as a
special case of the present result.

RESULTS AND DISCUSSION

Input Quantities

The solutions of the differential equations that describe the exchange of
chemical species between the blood and tissues were obtained in the manner des-
cribed in the appendix. The numerous input quantities for these solutions are
listed by example number in the following table. The example number is also
shown in brackets for each curve in the figures.

Input Quantities for Solutionst Since the plasma annulus is of
Tove BORme W oheow concern here, the main input variation
me :)%L ;)t;(izﬁ(%i”(wt”(ﬁiﬂ"0:32° will be the radii of its boundaries -
6 1 3 s 0 20 b 100 mermmiee  the endothelium and outer wall (r, and
8 10 ® w0 0 2 10 v owernmmee T3) - and their permeabilities (h, and
LE - 20 50 500 - b e No somalus h3)}. The blood velocity in the annulus
4.8 5.6 20 50 500 20 " 100 Inner barrier (u3) has been Specified to vary with

b8 620 o s a0 b omerwemier  the padii T, and r3 approximately as
8 1000 500 4 ouble le . . .
. i: z wo 500 z: i: 3 l;ilmm shown in the hydrodynamic analysis of
Ple -
ety Howe and Sheaffer (ref. 5) (their

® N o wm o oW N

9 8 10 30 500 1000 40 100 4 Double velocity fi g . 8) .
10 8 10 30 500 500 0 100 4 Anmulus at rest
*0ther input common to all examples: Kk, = 0.h0 secTDr = ke p?/sec Other input COmmon tO al 1 examples

is as follows. The blood velocity (u,)
in the endothelium was 500 u/sec (except for example 9 where it was doubled)
and the capillary length (L) was 500 p (except for example 7 where it was
doubled), so that transit time in the endothelium was 1 sec. The red cell
radius was 4 p. The diffusion coefficient (Dy) in the tissues was 40 p?/sec,
which corresponds to a molecule the size of oxygen (ref. 8, p. 44). The
tissue consumption rate coefficient (ky) of 0.40 sec~! corresponds to
y = 0.1 p! (eq. (A6)) which is within the range that Blum (ref. 7) used.

The outer radius (R) of the tissue supplied by the capillary was either 20 or
30 u, which is compatible with Blum's work and is the right order of magnitude
(Hil11, ref. 9, estimated that each capillary supplies about 12 times its
volume of tissue).



Typical Chemical Distribution

The solutions give the variation of concentration of the chemical species
in the blood and in the tissues in both the axial and radial directions as

shown in figures 2 through 4.
upstream from the capillary exit.

In these isometric plots the viewer is looking
Local chemical concentration is given by

the height of the surface above the base plane.

|- ;
- o !
.

TissUE—" ‘ :
/ o

BLOOD 4
TISSUE

Figure 2.- Concentration surface - no plasma
annulus (example 1).

TISSUE~ s
-

8LOOD ; - 5
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Figure 3.- Concentration surface - plasma annulus
with inner varrier (example 2).

A

TISSUE = _
— .
BLOOD ; 10

Figure 4.- Concentration surface - plasma anmilus
with outer barrier {example 3).

Figure 2 corresponds to tissue
supplied by a capillary with no plasma
annulus outside the endothelium. The
flat center portion of each radial pro-
file is the chemical concentration in
the blood in the endothelium. The
curved portion is the concentration in
the tissue space. The abrupt drop
between blood and tissue concentrations
is the effect of the permeability of
the endothelium wall. The permeability
is 4 u/sec, which seems to be the right
order of magnitude for molecular
weights under 100 (ref. 10).

In figure 3 there is an annulus of
plasma between the endothelium and the
tissue space. The concentration in the
annulus is shown by the outer notch on
the flat portion of each profile. The
interface separating the annular blood
from the tissue has been assigned a
high permeability, 100 u/sec (i.e., it
is a very leaky interface).

The conditions in figure 4 differ
from those in figure 3 only in that the
membrane permeabilities have been
switched. That is, the endothelium is
now very leaky, and the outer wall is
the resistance to chemical exchange.
This represents Sapirstein's (ref. 4)
suggestion that the outer wall is the
true hematolymph barrier.

The capillary dimensions and blood
velocities of figures 3 and 4 corre-
spond approximately to the curve
labeled k/h. = 6 in figure 8(a) of
reference 5 (where the ratio of capil-
lary to large vessel hematocrit was
about 0.4). The capillary is large:



r3 = 10 p and ro = 8 p, and the plasma velocity in the annulus (20 u/sec) is
small compared with the velocity in the endothelium (500 u/sec).

COMPARISON OF RESULTS

Large Capillaries

The results of the previous three figures are compared in figures 5 and
6. The three curves in figure 5 show the axial variation of chemical concen-
tion within the endothelium for the previous three figures. The upper two
lines correspond to the first two examples in which the endothelium was the
main chemical barrier. The lowest curve corresponds to figure 4 - the leaky
endothelium. As expected, chemical exchange from the leaky endothelial tube
is greater, resulting in a lower concentration in the blood. Examples of a
leaky endothelium have slightly lower concentration in the plasma annulus
than in the endothelium blood, while examples in which the endothelium is the
chemical barrier have significantly lower concentrations in the plasma
annulus.

1.0 0r
8 .08
NO ANNULUS [N OUTER BARRER [3]
6 NNER[B]ARRIER 06k INNER BARRIER [2]
. : _
g, OUTER BARRIER [3] (C4)
4 o4t
NO ANNULUS [I]

2 o2

1 L b L J -1 1 @ . 1 )
0 2 4 & 8 10 0 2 4 & 8 10

zL zn

Figure 5.- Concentration in blood in endothelium Figure 6.~ Tissue concentration of outermost cell
(ra = 8u, T4 = 104). (rz = 8p, rs = 101).

The solid lines of figure 6 show the corresponding axial concentration
profiles in the outermost cells (at r = R) served by the capillary. The
profiles are also a measure of the rate of consumption which is proportional
to the concentration for first-order kinetics. The bottom curve corresponds
to figure 2 - no plasma annulus. The middle curve has the annulus, with the
endothelium as the chemical barrier (i.e., fig. 3). The concentration
increase over the no annulus result was supplied by the blood in the annulus
{since the two examples had almost identical profiles within the endothelium).
The upper curve corresponds to figure 4 in which the outer wall was the true
barrier. Thus, we see that Sapirstein's model of the double-walled capillary
with the outer wall as the true hematolymph barrier is more efficient for chem-
ical exchange and produces higher tissue concentrations than the double-walled
model with the inner barrier, and is still more efficient than the model with-
out the annulus (by 25 to 30 percent). The outer barrier provides a higher
species concentration in the tissue space than the inner barrier because the
blood velocity in the endothelium is much greater than that in the annulus
(upy >> uz). Thus, the high rate of supply of species in the leaky endothelium
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is available to the annulus, and although the permeability of the blood-tissue
interface is low, its large surface area is bathed by a high chemical concen-
tration. The result is an increase in the species flux to the tissues.

If u3 were sufficiently large, the reverse would be true - the inner
barrier would provide the higher tissue concentration. This is illustrated
by the dashed lines in figure 6 for which wu3; has (unrealistically) been set
equal to u, (500 u/sec). Now there is a high rate of supply of species
along the annulus adjacent to the blood-tissue interface. Consequently, if
that interface (rather than the endothelium) were leaky, chemical transfer to
the tissue space would be enhanced. Realistically, however, the hydrody-
namics of this configuration requires a low velocity in the annulus (ref. 5),
which leads to the previous result.

Small Capillaries

Figures 7 and 8 compare results of solutions for which r3 = 5.6 u and
ro = 4.8 u. These correspond approximately to the curve labeled k/h. = 2 in
figure 8(b) of reference 5 (where the ratio of capillary to large vessel hema-
tocrit was about 0.625). For these conditions, uy 1is again estimated to be
about 20 u/sec. The result for r, = 4.8 p without an annulus is also shown.

) 12
NO ANNULUS [4] AND
-8 INNER BARRIER [5] .10 OUTER BARRIER [6]
OUTER BARRIER [6]

6F ) o8l
~ R NO ANNULUS [4]
o

ab o6

2k 04+

L 1 i 1 J .02 1 L ' ) )
0 2 a 6 8 10 0 2 4 6 8 10

Figure 7.- Concentration in blood in endothelium Figure 8.- Tissue concentration of outermost cell
(rz = 4.8y, ry = 5.61). (rz2 = 4.8u, rz = 5.6u).

Generally, the results follow the same pattern as before (figs. 5 and 6)
but to a lesser extent; that is, the annulus still provides better chemical
exchange and higher tissue concentration; and Sapirstein's outer barrier is
still superior to the inner barrier, but the advantages have diminished.

Other Comparisons for Large Capillaries
For the larger capillaries, it is of interest to examine the effects of
varying some of the input parameters. The example of figure 4 is a standard

for this comparison.

Figure 5 shows that the concentration in the blood in the endothelium at
the capillary exit is more than half its value at the entrance. Intuitively,



this residual concentration seems high, which suggests that such capillaries
may have additional features that would improve the overall chemical exchange
between blood and tissues. Two such features are higher permeability or
greater length. Figure 9 shows that tripling the permeability (hz = 12 u/sec)
or doubling the length would give exit plane residuals of 0.33 or 0.25, respec-
tively. The corresponding tissue concentration curves are presented in fig-
ure 10 which shows that the high permeability increases the consumption rate
of the outermost cells between 5 and 60 percent over the upper solid curve of
figure 6. The first half of the double length capillary is actually identical
to the upper solid curve of figure 6 (it is simply shifted to the left by the
z/L scale of fig. 10). Thus the second half of the longer capillary shows a
diminished tissue concentration for those cells served by the additional
length., But, even at that the cell concentration for the second half is the

same order of magnitude as the first half. "

HIGH VELOCITY [9]

{uy = 1000 1 /s€C) HIGH PERMEABILITY [8]

thy=i2 pr/sec)

HIGH VELOCITY [9]

"STANDARD" SOLUTION [3] o8 (U,=1000 p /5€C)

"STANDARD" SOLUTION [3]

ANNULAR PLASMA 06 [
AT REST [i0] DOUBLED
HIGH PERMEABILITY [8] 04 | CAPILLARY

. LENGTH [7]

(L=1000p)

] I3 02 I

[5} 2 4 6 8 10 o} 2 4 (3 8 1.0

z/L zn

DOUBLED CAPILLARY
LENGTH (7]
21 (L=l000 ) (hy=12 p/sec)
ANNULAR PLASMA AT
REST (0] (U3 =0)

Figure 9.- Effects of various parameters on the Figure 10.- Effects of various parameters on
concentration in endothelial blood tissue concentration of outermost cell

(rz = 8p, ra = 10p). (r> = 8, rz = 10u).

From these results, we may speculate that larger capillaries (ry, r3)
are also characterized by either high permeability or greater length (either
to provide high local tissue concentration or to supply more tissue). Inter-
estingly, the photomicrographs of nailfold capillary loops by Bosley (ref. 11)
and by Gibson, Bosley, and Griffiths (ref. 2) show both the large radius of
the pericapillary "halo space' (r3) and the greater length (L a2 1500 u).

For hydrodynamic reasons, also, the greater length may be associated
with the larger capillary radius. From reference 5 (eq. (A5)), the pressure
gradient is related to the cell speed and endothelium radius by

- _ 1 dp 2 2
o = - g (2 - 1) (1)
where the pressure gradient is
Y - P :
dp _ Zvenule ~ “arteriole (2)
dz L



Combining these gives
W= - (Pvenule - Parteriole) (r2® - r:®)
(] L{-T] L
If the venule and arteriole pressure are fixed and if the cell speed should

be approximately constant (for efficient chemical exchange), then large cap-
illaries (large 7t3) should have correspondingly greater lengths (eq. (3)).

(3)

Alternatively, if the large radius capillary is not longer, the cell
speed would be larger according to equation (3). A result for doubled cell
speed is also shown in figures 9 and 10. The efficiency of chemical transfer
is lower for this high velocity; the endothelial blood gives up less than 30
percent of its load on a single pass through the capillary. However, the
cell concentration is enhanced very significantly as shown in figure 10
because the tissue-blood interface is bathed by a supply of high chemical
concentration.

As a matter of interest, the result for stationary plasma in the
annulus is also shown in figures 9 and 10. In an analysis of the microcircu-
lation of the liver, Goresky (ref. 12) assumed the plasma in the extravascu-
lar space to be at rest. As shown in figure 9 the rest condition leads to a
concentration profile in the endothelium a little lower than the corresponding
profile for the moving plasma in the annulus. Figure 10 shows that the tissue
concentration is also diminished if the annular plasma is at rest.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., 94035 Aug. 4, 1967
129-01-05-04-00-21



APPENDIX A
MATHEMATICAL ANALYSIS

A general description of the model (fig. 1) was presented previously,
where it was noted that Blum (ref. 7) has solved the problem of chemical
exchange between blood and tissue across one membrane - the endothelium. In
the present study, the effect of an extra annulus of plasma (region 3) and a
second membrane (the outer wall characterized by permeability hj3) is exam-
ined. Like Blum, we neglect the details within the red cells in the endothe-
lium, as well as the details of the velocity profile in the capillary. As
noted previously, we allow the axial velocity, u,, in the endothelium to
differ from that in the annulus, ujz, to retain the character of the results of
reference 5. Chemical reactions are allowed only in the tissue space

(region 4).

The concentration (mass fraction), c,, of some chemical species in a
volume element of blood of axial length dz in the endothelium (region 2) is
depleted by leakage across the endothelium and replenished by fresh blood
entering the element so that, for the steady state,

dCe 2h2

il — (cz - c3) (A1)

Similarly, in the annulus (region 3)

s 2 2 {rohs(ca - c2) + rahgles - (04)r3]} (A2)

dz us(rs® - ro

In the tissue space, the usual diffusive transport equation applies
2 2
d ¢ <§ Ca Bc%>
D 2+ D + L = Q A3
Z azg T I‘2 r aI‘ ( )

where Q 1is the rate of consumption per unit mass of tissue, which for first-
order kinetics is

Q = kycy (A4)

In the tissue space diffusion in the axial direction is neglected in favor of
that in the radial direction because distances are small and gradients are
large in the radial direction compared with the axial direction. Thus,
equation (A3) becomes

d%e
24
dr2

L [

%4 2, = 0 (AS)
or

where

Y=o (A6)
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The boundary conditions for equations (Al), (A2), and (AS5)

C2 = €2,
Cy = C3o
at r = r3:
604
-D — = hajcg ~ (cC ]
T ar rs 3[ 3 ( 4)r3
and at r = R:
9ca _
or

are,

The solution of equation (AS5) is readily found to be (7)

Cq = —
020

where (c—:q)r3 has yet to be determined.

If h3 from equation (A9) is substituted into equation (A2), and
(ac,_}/ar)r3 is used (from eq. (All) differentiated), one obtains

4 _ (2 [ K (7R)Io(rr) + Ko (1) T2 (7R)
*'r3 | Ky (7R) Ig(7rs) + Ko(7ra)I1(7R)

at

dcsg 2
= - [ea(rshs + rsha] - Ccorshs]
dz (T2 - T22) a(rzha ahajs) 2lalz
where
. 1
Ja = =
1 + 3
D,.yB
and

K1 (yR)Ix(nra) + Ki(77a)T2(7R)
K1 (7R)I (yra) + Ko(7ra)I1(7R)

Equations (Al) and (Al2) can be written as

dc
-2 = 831Cz - a31C3
dz

and
dc
—E = 8pCy + ng
dz

(A7)

(A8)

(A9)

(A10)

(A11)

(A12)

(A13)

(A14)

(A15)

(A16)

11



respectively, where
a1 o - 2hp
1 B, (A17)

Il

2 .
ag = - - (rshe + rshajs) (A18)

us(rsa - r22)

2r2h2
b = 5

(Al9
u3(r32 - TIa )

Differentiate (Al15) with respect to 2z and combine with equation (Al6) to
obtain

2
+ g — 4+ sco =0
PP q iz 2 (A20)
where
g = —(a2 + al) (A21)
s = ay(ay + b) (A22)

The solution of equation (A20) is!

- _ co
Co = 2=_=(C
2 cog 1€ + Cge (A23)
where
_-q +Ja@ - ks
= 5 (A24)
_ -4 -Ng"- ks
mp = > (A25)

The coefficients C; and C, can be evaluated from boundary condition (A7)
and equation (Al5) applied at z = 0 with the results:

Cgo 1
%1 |\Tzg) ~ +|* e (A26)
Ci =
Mo = my

IThe solution is valid for q% - 4s > 0 and for the present examples.

12



and

@] =) -

Ny - my

02:: .

Equation (A16) can be integrated directly by use of equation (A23) and
boundary condition (A8) to obtain

my 2z Moz
og = ci. = E.:B_O_. - Db C1 + Ca eazz + D Cae + Cae (A28)
3 - a - a
C2q C2q m; - 8z o - 8p my 2 Mo 2

By differentiating equation (A28) with respect to =z, using the result in
equation (A2), and solving for (cu)r3, we obtain

(C4)r3 8oz

= (l = jS)ESOe

(64)1‘3 co
(0]

802
et Krahz (b + az) + b] ™ - (1 - Ja)be 2}
my - ap rahs

Cae {\:(I'ghg (.b + as) + .b:| emZZ _ (l - js)beazz} (A29)

me - az rah

+

Thus, the concentration in regions 2, 3, and 4 is given by equations (A23),
(A28), and (All), respectively, with (Cq)rs in equation (All) given by
equation (A29).

The equations for the solutions can be rewritten in terms of
dimensionless parameters. The resulting equations are not particularly inter-
esting and will not be shown. But the corresponding parameters are important
and so are listed: hy/u,, hsz/us, uy/uz, rp/rs3, j3, rp/L, R/L, yL, z/L, and
c3y/c25. A given set of these parameters completely determines a solutionm.

Of particular importance are the ratios hy/u, and hz/ugz - that is, the
ratio of the wall permeability to the adjacent blood velocity is significant
rather than the permeability alone.

13
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“The aeronantical and space activities of the United States shall be

conducted so as to comtribute . .

. 20 the expansion of buman knowl-

edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

— NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and
technical information considered important,
complete, and a lasting contribution to existing
knowledge.

TECHNICAL NOTES: Information less broad
in scope but nevertheless of importance as a
contribution to existing knowledge. -

TECHNICAL MEMORANDUMS:
Information receiving limited distribution
because of preliminary data, security classifica-
tion, or other reasons.

CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.

TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.
Publications include conference proceedings,
monographs, data compilations, handbooks,
sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and

Technology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546



